The massive neutron star (NS) or black hole (BH) accretion disk resulting from NS-NS or NS-BH mergers is dense in neutrinos. We present the first study on the role of angular distributions in the neutrino flavor conversion above the remnant disk. In particular, we focus on "fast" pairwise conversions whose rate depends on the local angular intensity of the electron lepton number carried by neutrinos. Because of the emission geometry and the flux density ofνe being larger than that of νe, fast conversions prove to be a generic phenomenon in NS-NS and NS-BH mergers for physically motivated disturbances in the mean field of flavor coherence. Our findings suggest that, differently from the core-collapse supernova case, fast flavor conversions seem to be unavoidable in compact mergers and could have major consequences for the jet dynamics and the synthesis of elements above the remnant disk.
I. INTRODUCTION
The mergers of one neutron star (NS) with another NS or a black hole (BH) are among the most promising astrophysical sites to account for the observed short gamma-ray bursts (sGRB) [1, 2] , the potential kilonova/macronova candidates [3] [4] [5] , and the production of heavy elements above iron in our Universe [1, 6, 7] . They are also expected to be sources of gravitational waves in addition to the BH-BH mergers recently detected [8, 9] .
Similarly to core-collapse supernovae (SNe), the merger remnant accretion disks surrounding the central massive NS or BH, are neutrino-dense sites. A vast number of neutrinos is produced in this hot and dense environment formed during the dynamical (post)merging phase. The total neutrino energy luminosity can reach ∼ 10 53 -10 54 erg/s at peak for ∼ 100 ms [10] [11] [12] . Despite the fact that the estimated merger rate within the detection volume of current and upcoming large-scale neutrino detectors is low [13, 14] , neutrinos play an important role in various physical processes happening during and after the merging. For instance, the absorption of neutrinos on the matter ejected dynamically during the NS-NS merger phase and the postmerger massive NS accretion disk may largely affect the neutron richness of the ejecta [12, 15, 16] . Consequently, neutrinos may alter the nucleosynthesis outcome of the rapid-neutron capture process (r-process) and the associated kilonova light curves. Moreover, the question of whether the pair annihilation of neutrinos above the BH accretion disk resulting from the mergers can be a viable option for the sGRB jet formation remains unsettled [17] [18] [19] [20] .
Given the potential major role of neutrinos in merger remnants, understanding their flavor evolution is crucial. Besides ordinary interactions of neutrinos with matter [21, 22] , the ν-ν coherent forward scattering [23] [24] [25] can affect the flavor composition. However, while neu-trino oscillations in the SN context have been widely discussed in the literature [26] [27] [28] [29] , only preliminary work exists on flavor conversions above mergers [30] [31] [32] [33] [34] [35] .
In mergers, a phenomenon known as "matter-neutrino resonance" (MNR) [31, 32, 36] may occur due to the near cancellation of the large but opposite contributions of ν-e and ν-ν interaction energies. The latter being negative as ∝ n νe − nν e < 0, with n νe (nν e ) the local ν e (ν e ) number densities; such a condition results from the overall protonization of the merger remnants [10] [11] [12] .
The leading role played by the neutrino angular distribution in ν-ν interactions has been appreciated only recently in SNe [26, 28, 29] . In particular, close to the neutrino decoupling region in SNe, "fast" neutrino conversions [37] [38] [39] may occur within the length of ∼ (G F |n νe − nν e |) −1 O(10) cm, with G F the Fermi constant. Fast conversions may quickly lead to flavor equilibration and are exclusively driven by the angular distribution of the electron neutrino lepton number (ELN). Nevertheless, the angular distribution has been integrated out in all existing oscillation studies in merger remnants.
Similarly to SNe, theν e decoupling region resides inside the ν e one in merger remnants. However, differently from SNe, the flux ofν e is larger than that of ν e because of the overall protonization. These lead to crossings between the angular distributions Φν e = dnν e /dΩ and Φ νe = dn νe /dΩ (i.e., changes of sign of the ELN distribution Φν e − Φ νe ) at any point above the ν e decoupling surface as illustrated in Fig. 1 . Fast neutrino conversions due to temporal instabilities should, therefore, be expected [40] [41] [42] . Note that in SNe, crossings of ELN distribution are not guaranteed (see e.g. Ref. [43] ); they may only occur in the presence of LESA for certain emission directions [42, 44] . Therefore, fast conversions in supernovae may mainly occur because of the non-negligible flux of neutrinos not streaming in the radially forward direction [42] . In this sense, the merger remnants offer a more natural environment than SNe for fast conversions.
In this paper, the neutrino angular distributions are taken into account in the study of ν-ν interactions above merger remnant disks for the first time. Similarly to core-collapse SNe, an exact numerical solution of the flavor distribution of propagating neutrinos in mergers is not yet affordable. However, we can estimate whether favorable conditions for fast flavor conversions are present in compact binary merger remnants by adopting analytical tools. To this purpose, we rely on the dispersion relation (DR) approach recently developed in Ref. [42] .
The outline of our manuscript is as follows. First, we model the neutrino emission from compact binary merger remnants by introducing a simple two-neutrino-emitting disk model motivated by existing hydrodynamical simulations in Sec. II. In Sec. III, we introduce the equation of motion governing the neutrino flavor evolution and the DR in the flavor space. Results on the occurrence of temporal and spatial instabilities in the flavor space are presented in Sec. IV and Sec. V, respectively. Caveats on our main findings are discussed in Sec. VI, and conclusions are reported in Sec. VII.
II. TWO-NEUTRINO-EMITTING DISK MODEL
In order to examine whether fast flavor conversion occurs above the merger remnants, we refrain from relying on a specific merger model given the uncertainties intrinsic to the neutrino transport adopted in hydrodynamical simulations of these objects. We instead rely on the simple two-neutrino-emitting disk model shown in Fig. 1 (see also Appendix A). The choice of the model parameters is, however, guided by the hydrodynamical simulation of the massive NS-disk evolution [12] .
In addition to the overall protonization discussed in the previous section, an important feature of merger remnants is that the spectral-averaged decoupling surfaces of ν e andν e are spatially well separated. This can be seen, for example, in Fig. 12 of Ref. [11] and Fig. 3 of Ref. [34] showing the size ratio of the decoupling surface ofν e to that of ν e ∼ 3/4. This is a consequence of the neutron richness of the remnant system and the spatial extension of the accretion disk which leads to a smaller density gradient with respect to the SN proto-neutron star.
Based on the above discussion, we assume that for a NS-disk remnant, ν e andν e decouple instantaneously at surfaces approximated as finite-size disks of radii Rν e = 0.75R νe and heights h νe /R νe = hν e /Rν e = 0.25. They are emitted half-isotropically from their respective surfaces with a flux ratio α ≡ Φ 0 νe /Φ 0 νe = 2.4 and propagate freely afterwards. For the BH-torus, we model the ν-emitting tori by setting an inner edge of the surface at R 0 = 0.15R νe [11] , representing the innermost stable circular orbit. Since in the merger remnants, the nonelectron neutrinos share the same properties, they do not enter the following analysis and will be omitted. 
III. DISPERSION RELATION IN FLAVOR SPACE
The equation of motion (EoM) for each momentum mode governing the evolution of free streaming neutrinos is given by:
where v = (sin θ cos φ, sin θ sin φ, cos θ) is the velocity of an ultrarelativistic neutrino, whose 4-vector is v µ = (1, v). The Wigner-transformed density matrix in the flavor basis encodes the flavor occupation numbers in the diagonal terms and flavor correlations in the off-diagonal terms. The Hamiltonian, H, consists of the contributions from the vacuum mixing [45] , coherent-forward scattering between neutrinos and electrons, and that among neutrino themselves.
Dismissing the vacuum term and ignoring the energy dependence since we are interested in fast conversions, we express the neutrino density matrix in terms of the "flavor isospin" ξ and the occupation numbers f ν β for the neutrino flavor ν β :
1 under the two-flavor mixing approximation. The Hamiltonian for ξ(v) can be written as
where, given the metric
F n e , n e being the net electron number density, λ = λ 0 v f , and v f being the local fluid velocity. The neutrino potential angular distribution g(v) per unit length per unit solid angle is proportional to the ELN angular distribution
Φ ν β is related to the distribution functions f ν β by
with dΩ = d cos θdφ the differential solid angle. Since we work in the corotating frame of the disk, the term v · λ will be neglected from now on. In order to investigate whether off-diagonal terms may originate in the density matrix giving rise to fast conversions, we now linearize the EoM [46, 47] and track the evolution of the off-diagonal term S in ξ,
by neglecting terms larger than O(|S|).
Assuming that S(v) evolves as a plane wave
by defining the 4-vector
From the structure of Eq. (5), one sees that the solution of Q(v, ω, k) has the form of (
where (6) is the DR for the mode with (ω, k) [42] . If the solutions satisfying the DR consist of real (ω, k) only, any initial perturbations in the flavor space do not grow in the linear regime. If, however, any conjugate pair of complex solutions in ω or k i (i ∈ {x, y, z}) satisfies the DR, an instability growing exponentially with rate |Im(ω)| or |Im(k i )| occurs, leading to flavor conversions. Practically, one examines whether the system is temporally (spatially) unstable by finding all solutions of ω (k i ) with a given k (ω and k j =i ) [42] .
IV. TEMPORAL INSTABILITIES ABOVE THE REMNANTS
Motivated by the crossings of the local ELN distribution resulting from the disk emission geometry and the protonization of the merger remnant, we now investigate conditions for temporal instabilities above the NS-disk system. To this purpose, we examine the solution of the DR for the ELN distribution at the location (x, z) = (0.6 R νe , 0.35 R νe ) above the NS-disk system shown in Fig. 1 as a benchmark case. We note that any generic point above the ν e -emitting surface would exhibit qualitatively similar solutions for the DR (see also Appendix A for g(v) distributions at different locations), despite the relative contribution of ν e andν e to g(v) varies significantly at different locations. This is because the features responsible for inducing flavor conversions (i.e., the change of sign in g(v)) are present everywhere above the remnant and cannot be avoided differently from the SN case.
First, we solve the DR equation for the modes k = (0, 0, k z ) and α ≡ Φ 0 νe /Φ 0 νe = 2.4. Due to the mirror symmetry (MS) with respect to the y axis, Eq. (6) has Π 02 = Π 12 = Π 32 = 0 and it reduces to
+Π 00 Π 11 Π 33 ) = 0. (7) An Im(ω) = 0 from Π 22 = 0 corresponds to a MS breaking unstable solution. When the terms inside the parentheses sum to 0, a MS-preserving solution occurs instead. Figure 2 shows the temporal DR for the benchmark location. We define µ 0 = √ 2G F n 0 νe to denote a typical length scale,
with L νe the total energy luminosity of ν e , E νe the corresponding average energy. A temporal instability generally exists for a large range of |k z |/µ 0 (i.e., |k z | a few times µ 0 ), centered around k z ≈ z = −0.46 µ 0 . [12] for neutrinos emitted at (x, z) = (0, hν e ) (solid blue curve) and at (x, z) = (−Rν e , hν e ) (dashed green curve). Fast conversions occur everywhere above the νe surface and could alter the otherwise favorable conditions for the MNR.
Because of the broken axial symmetry, we find three branches of the unstable solutions: two of them preserving the y-MS (red curves) and the other one breaking this symmetry (green curves). No real solutions exist for the selected (x, z) due to the enlarged zone of avoidance (gray region), where Q(v) would become singular as a result of larger asymmetry in the x direction (| x | = 0.31µ 0 ). Note that, for g(v) corresponding to other (x, z) above the ν e surface, we find nonzero real solution(s) that sometimes coexist with the complex ones because of the disk geometry, differently from the findings of Ref. [42] .
So far, we have focused on the temporal instabilities for one specific point (x, z) above the ν e surface of the NS disk. Since the k z = 0 mode is unstable in this studied case, we adopt it as the benchmark wave number and generalize our study to any (x, z) above the ν e emitting disk surface. Figure 3 shows contour plots of the growth rate |Im(ω 0 )|/µ 0 in the (x, z) plane. MS preserving (panel(a)) and breaking (panel(b)) flavor instabilities exist in most of the region above the ν e surface. Moreover, |Im(ω 0 )|/µ 0 at some vertical distance above the ν e surface may be larger than that at the surface. The growth rate |Im(ω)| is typically large ∼ 0.1µ 0 , leading to flavor conversion in the length scale of cm.
The eventual occurrence of fast conversions above the ν e emitting surface hints towards a change of paradigm of the current picture of flavor conversions in merger remnants, in particular concerning the occurrence of the MNR. In fact, in Fig. 3 we also show the loca- tions of the MNR for neutrinos emitted from the center (x = 0, z = h νe , solid blue curve) and the opposite side of the disk (x = −R νe , z = h νe , dashed green curve), using the n e profiles from [12] to model the matter potential. Before these neutrinos reach the MNR locations, they will traverse the region where the fast conversions can occur and this would likely alter the MNR conditions.
In order to further generalize our results to any α compatible with existing hydrodynamical simulations, Fig. 4 shows the temporal instability of k = 0 for the same disk model with different values of the flux ratio α = 1.1, 1.5, 2.4, and 4.0 2 covering the range of (Lν e / Eν e )/(L νe / E νe ) from hydrodynamical simulations listed in Table 7 of Ref. [34] . For this wide range of α, MS preserving and breaking flavor instabilities are found in most of the region right above the ν e surface. As one moves from the disk center towards the edge, the MS preserving unstable solution shifts from one branch to another (see Figs. 2 and 3) , and there is a small region where no MS preserving unstable solution exists. Nevertheless, the MS breaking unstable solution is nonzero in this region. We conclude that fast conversions can occur in most of the region above the merger remnant of the NS disks for any realistic α.
For the remnant system consisting of a central BH and an accretion disk, we show in Fig. 4 the corresponding temporal instability with thin dashed curves for R 0 = 0.15 R νe for both ν e andν e emitting tori (see Fig. 1 and Appendix A for details). The growth rates are different in the proximity of R 0 , but for x > ∼ 0.4R νe , they coincide with the values in the NS-disk (R 0 = 0) cases. Note that close to R 0 , the growth rates might be even enhanced due to the suppressedν e phase space in our simple toy model.
V. SPATIAL INSTABILITIES ABOVE THE REMNANTS
Similarly to the temporal instabilities discussed in Sec. IV, the ELN crossings can also lead to the occurrence of spatial instabilities [41, 42] . However, differently from the temporal instabilities whose growth rate does not depend on the adopted matter density profile, the matter density has strong impact on the occurrence of spatial instabilities [40, 41] .
To study spatial instabilities in the compact binary merger remnants, we adopt the same NS-disk neutrino emission model as in Sec. IV and the cylindricallyaveraged electron number density profile n e (x, z) from Ref. [12] at 60 ms post merger. As we will show later, spatial instabilities are more likely to occur in the lowdensity polar region above the disk, therefore we choose the location (x, z) = (0, 0.25R νe ) on the ν e emitting surface as a benchmark example to study the DR for the occurrence of spatial instabilities. Figure 5 shows the k z (k x ) solution of DR as a function of ω for a mode with k x = k y = 0 (k z = k y = 0) for the NS-disk system with α = 2.4.
Since the spatially unstable solutions usually exist at |ω − λ 0 − 0 | < ∼ µ 0 , a large λ 0 + 0 can suppress the instability for a mode with ω = 0 as shown in the panel (a) of Fig. 5 , in which the mode propagating at the z direction with ω = k x = k y = 0 is stable. (This is mainly due to 0 , similarly to the multiangle self-suppression [46, 48] .) However, this depends on the propagating mode that one is examining. For example, panel (b) shows that, at the same location, a spatial instability can exist for the mode propagating in the x direction with ω = k z = k y = 0. This is due to the fact that neutrinos travel in all φ directions above the disk, therefore providing enough transverse flux for the spatial instabilities to occur 3 . Moreover, even though the propagating mode with ω = 0 can be stable with respect to spatial instabilities 3 Similar spatial instabilities should be expected to happen also within the SN case even when neutrinos are not propagating radially backwards. in some cases, if there exists a highly oscillatory perturbation in the mode with ω ≈ λ 0 + 0 , the system can always be unstable due to the ELN crossing (see previous section). Now let us look at how the spatial instabilities depend on the location above the disk. Above the NS-disk, the angular momentum of the system keeps the density in the region close to the z axis much lower compared to the offaxis parts (see, e.g., Fig. 1 of Ref. [34] ). Therefore, the occurrence of spatial instabilities sensitively depends on the location above the disk. Figure 6 shows the y-MS preserving instabilities of the propagating modes with ω = k x = k y = 0 and ω = k z = k y = 0 above the ν e -surface.
In the outer region above the disk, spatial instabilities are suppressed by the large matter potential, λ 0 | 0 |. Inside the low-density funnel, where λ 0 < ∼ | 0 |, the k z instability only exists where λ 0 ∼ 0 , close to the MNR region. However, the propagating k x modes can be unstable everywhere inside the low-density funnel.
Because the instabilities only occur in the inner region above the disk, the breaking of the local MS symmetry is minor. Therefore, the unstable k y solutions and the MS breaking k x solutions are very similar to the k x MS preserving solutions and therefore are not discussed here. We note that the growth rate of the spatial instabilities is generally larger than the temporal instabilities discussed in Sec. IV. This suggests that in order to fully grasp how flavor conversion develops above the disk in the nonlinear regime, numerical simulations that evolve simultaneously in time and space coordinates are necessary.
VI. DISCUSSION
Within our simplified two-neutrino-emission disks model, we have shown that both temporal and spatial instabilities can exist above the remnants of compact binary mergers. This is a direct consequence of the larger local antineutrino emissivity compared to the neutrino one as well as of the spatial separation of their respective emission surfaces.
In a more realistic environment, the matter density profile along the z direction would decrease much faster on the surface of the central massive neutron star and in the inner part of the disk. As a consequence, the separation between ν e andν e in the inner disk region would be smaller than in the outer region. However, one should still expect an overall more extended ν e surface (x, z) plane above the νe-surface for k = 0 for the same NSdisk model as in Fig. 3 except for that hν e = hν e = 0.25Rν e . The temporal instability in the central part right above the disk is suppressed, see Fig. 3 for comparison. with respect to theν e one in the outer region as a result of the spatial extension of the accretion disk.
In order to investigate whether the above effect could modify our main findings, we have examined the occurrence of instabilities in an extreme scenario in which the heights of ν e andν e emission surfaces are the same. As an example, Fig. 7 shows the y-MS preserving solution of |Im(ω)|/µ 0 in the (x, z) plane above the ν e surface for k = 0 for a NS-disk model with h νe = hν e = 0.25R νe , Rν e = 0.75R νe , and α = 2.4. In this case, the temporal instability in the central part right above the disk can be suppressed (see Fig. 3 with hν e = 0.75h νe for comparison). This is because of the reduced ν e dominated part of the ELN distribution very close to the inner part of ν e emission surface.
Far away from the surface in Fig. 3 , where the spatial extension of the disks becomes important, favorable conditions for temporal instability are however recovered. Furthermore, the spatial instabilities for the transversely propagating mode can always exist. Thus, we conclude that even taking into account a more realistic neutrino emission geometry, flavor instabilities leading to fast pairwise conversion exist in an extended region above the merger remnants.
In a realistic astrophysical environment, a nonnegligible flux of neutrinos streaming in the negative z direction exists because of collisions. This may also be responsible for fast flavor conversions [40] [41] [42] . Given the still preliminary neutrino transport employed in merger simulations with respect to SN simulations, we refrain from including any backward contribution in our toymodel. In fact, given the favorable conditions for fast flavor conversions determined by the ubiquitous crossings of ELN distribution, any contribution due to neutrino collisions would further strengthen our conclusions.
Likewise, hydrodynamical simulations would predict location-dependent neutrino emissivities, forward-peaked neutrino angular distributions on their emission surfaces (instead of the uniform distributions adopted here), and time-dependent neutrino properties due to the long-term evolution of the remnant system. Those effects, not considered in our simple model, can all quantitatively influence the exact conditions responsible for fast conversions. However, we expect the qualitative features presented here will be unchanged.
VII. CONCLUSIONS
NS-NS and NS-BH compact mergers are neutrinodense sources. For the first time, we investigate the role of the neutrino angular distributions in flavor conversions in merger remnant disks and explore the occurrence of fast flavor conversions. Given the current uncertainties on the modeling of the neutrino transport in merger remnants, we do not rely on direct inputs from a specific hydrodynamical simulation and, instead, model the local neutrino radiation field using a simple two-neutrinoemitting surfaces model whose parameters are guided by [12] . We then adjust the model parameters to cover the range spanned by existing hydrodynamical simulations and obtain reliable results.
Because of the largerν e flux with respect to the ν e one, and the emission geometry of the disk, crossings between the ν e andν e angular distributions are present for any point above the merger disk remnant, differently from SNe, where crossings do not occur unless strong directional-dependent neutrino emission is invoked due to the multidimensional effects. Consequently, we showed in Sec. IV that fast flavor conversions caused by temporal disturbances may be intrinsically unavoidable in compact mergers remnants.
We also discussed the presence of spatial instabilities in Sec. V. Those are sensitive to the model-dependent matter density profile and to the transversally propagating neutrinos. Favorable conditions for those instabilities, with growth rates larger than the temporal instabilities, appear above merger remnants. Nevertheless, spatial instabilities occur in smaller spatial regions than the temporal ones due to the partial matter suppression effect (unless initial perturbations exists in ω ≈ λ 0 + 0 not studied in this work). The presence of any spatial instabilities would make the system, already suffering unavoidable temporal instabilities, even more unstable. Hence, it is necessity to take into account both temporal and spatial evolution of flavor conversion in upcoming numerical studies.
A more realistic shape of neutrino emitting surfaces may certainly affect the results obtained within our simple two-disks model quantitatively. In Sec. VI, we discussed the potential impact and showed that our conclusions should be qualitatively fairly general despite that the two-disk neutrino emission model is highly simplified.
The stability analysis presented in this paper proves that favorable conditions for fast flavor conversions can exist in mergers. However, similarly to the case of corecollapse supernovae, we still miss an exact numerical solution of the neutrino flavor evolution. Our preliminary results suggest that fast flavor conversions should be taken seriously in compact merger remnants as they may lead to flavor equilibration very close to the neutrino decoupling region.
Flavor equilibration in the neutrino decoupling region could be responsible for nontrivial modifications of the jet dynamics, if powered by neutrinos, as well as of the production of heavy elements. For example, it could largely reduce the neutrino pair annihilation rate above a BH-torus remnant [10, 11] . Similarly, it could also change the composition of the ejecta exposed to neutrinos [12, 15, 16] . This will modify the predicted rprocess outcome and the associated kilonova light curves in merger events. Given that the relevant length scales induced by fast conversions are much smaller than the resolution of merger simulations, the impact of pairwise conversions should be phenomenologically explored. In addition, as a consequence of our findings, the adopted picture of the MNR occurring in merger remnants should be revised, and future work is needed in this direction.
The toy-model adopted to simulate the neutrino emission from compact binary merger remnants is here described in detail. The local neutrino radiation field is also characterized for any point above the emitting surface.
The neutrino decoupling region has been approximated by flavor-dependent emitting surfaces shown in Fig. 1 . For the sake of simplicity, we assume that the (energyintegrated) angular distribution on each ν surface is half-isotropic with Φ
where L ν β is the total energy luminosity of ν β and E ν β is the corresponding average energy. The choice of the model parameters is guided by the hydrodynamical simulation of the massive NS-disk evolution as a remnant of a NS-NS merger [12] : Rν e = 0.75R νe , h νe /R νe = hν e /Rν e = 0.25, and α ≡ Φ 0 νe /Φ 0 νe = 2.4. At a given location, P ≡ (x, z), above the neutrino emitting surfaces depicted in Fig. 1, g(v) can be rewritten
where ζ ν β (v) = 1 for any v that can be traced back to the corresponding ν β -emitting surfaces and 0 otherwise. For the NS-disk (R 0 = 0), the ranges of θ ∈ [θ min , θ max ] and φ ∈ [−φ max , φ max ] in which ζ ν β (v) = 1 can be derived straightforwardly and are shown in Fig. 8 (top panel). They are defined by
Note that θ min and θ max are functions of φ.
For the BH-torus, the corresponding values of φ max are the same as in the above equations. On the other hand, the range of θ for x ≥ R 0 becomes more complicated.
Given the configuration of the emitting surface shown in Fig. 8 (middle panel) , for φ ≥ φ B = arccos(
See also the bottom panel of Fig. 8 for details.
As an illustrative example,
] as a function of cos θ and φ is shown in Fig. 9 for the same NS-disk model of Fig. 1 (panel (a) , top three rows) and for the BH-torus model (panel (b), bottom three rows). A set of (x, z) locations is plotted for both the NS and BH cases. Figure 9 shows that as one moves away from the surface center, theν e contribution can be significantly reduced and g(v) = 0 for a certain range of cos θ and φ. In the BH-torus (R 0 = 0), white holes appear in g(v) as well as regions only populated bȳ ν e because of the toroidal geometry described above. In the red (blue) shaded area, Φν e − Φν e < 0 (Φν e − Φν e > 0). Null electron neutrino lepton number is shown in white. The bottom three rows [panel (b)] refer to the BH-torus case with R0 = 0.15Rν e and the orange shaded area marks regions where Φν e = 0. In both cases, as one moves away from the surface center, theνe contribution is significantly reduced.
